Obtaining L. pneumophila Inactivation Parameters
The measured dissolved ozone concentrations (CL) at different times were fitted to the solution to the mass balance equation for the batch reactor:
where the fitting parameter is the first order rate constant (k) for ozone decomposition in organic-free solutions. The fitted k values were 5.4 (±0.18) ×10 -3 min -1 (R 2 ≥ 0.99) for 22 o C and 1.8 (±0.048) ×10 -3 min -1 (R 2 ≥ 0.99) for 7 o C. The results are comparable to those published previously. 1 To determine the volumetric liquid-phase mass transfer coefficient (KLa), 2 ozone was added continuously to the buffered organic-free solution, and CL was measured at different times. The mass balance for ozone mass transfer and decay in this experiment is given as:
where Cgi is the ozone concentration at the interphase, and m is the Henry's law constant at different temperatures. The value of KLa was then determined by fitting the measured CL to the solution to eqn. S(2), to be 3.1 (±1.3) ×10 -3 min -1 (R 2 ≥ 0.88) for 22 o C and 9.3 (±5.8) ×10 -3 min -1 (R 2 ≥ 0.95) for 7 o C. The decomposition of ozone by WOM (represented by TOC) was thus determined by monitoring the change in CL in wastewater for a given initial dissolved ozone concentration C0. The mass balance relation for this set of experiments is:
where is the reactive portion of the TOC. It is assumed that C 0 − C L = 0 − , and that the initial value for is 0 , where 0 = αTOC 0 3 and where α is the fraction of organic carbon that exerts ozone demand and TOC 0 is the initial total organic carbon loading. The fraction of reactive WOM (α) and the reaction rate constant (k2 in unit of L μg -1 min -1 were determined by fitting the measured CL to the solution to eqn. S (3) . The fitted parameters are = 0.1 (±0.0) mg O3 (mg C) -1 for both 22 (R 2 ≥ 0.72) and 7 o C (R 2 ≥ 0.58), and k2 = 2.9 (± 3.7) ×10 -2 L μg -1 min -1 (R 2 ≥ 0.76) for 22 o C and k2 = 2.6 (± 1.9) ×10 -2 L μg -1 min -1 (R 2 ≥ 0.83) for 7 o C. All fitting parameters were average values from at least four biological replicates. The values for the second order reaction rate constant are similar to the ones reported in the literature. 4 eqn. S (3) can be solved by substituting and 0 into the equation. The overall time rate of change of ozone concentration is thus expressed as:
where the term -k1CLy represents the loss of ozone through reacting with bacteria. Experiments examining L. pneumophila inactivation in the organic-free solution showed statistically insignificant difference of ozone decay rate with and without the presence of L. pneumophila (p > 0.05), therefore the term considering bacterial consumption of ozone is negligible in this study, and the final mass balance equation used for parameter fitting is:
Terms in the above equation that were measured in the experiments are the dissolved ozone concentration as a function of time (CL), the initial total organic carbon loading (TOC0), the initial dissolved ozone concentration (C0), and the ozone concentration at the interphase (Cgi), which is assumed to be equal to the gas phase ozone concentration due to negligible mass transfer resistance in the ozone gas film. A finite difference method was used to solve eqn. S(5) on a time scale as large as 15 minutes, with a time interval of 0.2 or 5 seconds, depending on the time scale of interest. The solution to eqn. S(5) was used to predict the dissolved ozone 4 concentration under a variety of experimental conditions. The solutions to eqn. S(1) -(3) are provided below:
Solution to eqn. S(1):
Solution to eqn. S(2):
Solution to eqn. S(3):
. Examples of profile of ozone concentration during constant flow rate purging into buffer solution at pH 6.8 -7, and at 7 and 22 o C. 
Design Process Overview

General Assumptions
Assumptions were made during the design process when detailed information was not available.
The summary of major assumptions is provided in Table S1 . Table S1 . Summary of major assumptions for the life cycle assessment.
Assumptions
Fuel sources for electricity in California, Florida, and Texas are based on the US 2015, 2013, and 2013 energy consumption data, respectively The flow inside the chlorine contact tank follows an ideal plug-flow pattern The chemical storage tanks and injectors do not need to be replaced in 10 years Thickness of individual layers of materials of the chemical storage tanks is assumed (later shown to be insensitive to the final results), with the total thickness fixed according to design handbook Only consumables for treatment operation are included The flow inside the ozone contact tank follows an ideal plug-flow pattern Consumption of ozone is entirely incurred by the organics in wastewater The microplasma ozone generator does not need to be replaced in 10 years
No post ozonation filtration is implemented
Chlorine Disinfection System Design
The design of chlorination/dechlorination system in general followed the EPA design manual for the municipal wastewater disinfection. 5 The system boundary included chemical storage tanks, pumps, inline static mixers, chlorine contact tank, and consumables (including energy and the production and transport of chemicals to the site). The system was designed to handle 4 Million Gallons per Day (MGD) of secondary effluent, with a HRT of 15 to 45 minutes and a sodium hypochlorite dose of 2 to 8 mg L -1 . The designed annual operation temperature range was from 8 The decay of sodium hypochlorite was modelled with a parallel decay of two components of total chlorine residual for secondary effluents: 7
For a variety of wastewater sources and water conditions, values of x = 0.3, k 1 = 1.67 × 10 −2 s −1 , and k 2 = 5 × 10 −5 s −1 yielded satisfactory results. 5 Since a hydraulic residence time (HRT) of 15 to 45 minutes is typical for wastewater chlorination disinfection, which is also the design HRT range for the current study, for HRT > 1 minute, eqn. S(9) can thus be re-written as: 5
Combine eqn. S(5) with Chick-Watson inactivation model (eqn. S(16)) and integrate, we arrive at:
where k is the inactivation rate constant for pathogens, and C 0 is the applied chlorine dose. The inactivation rate constants for Giardia, Cryptosporidium parvum, and Legionella pneumophila are 2.5 × 10 −2 (at 18 o C), 8.36 × 10 −4 (at 20 o C), and 0.307 (at 30 o C) L mg -1 min -1 , respectively. [8] [9] [10] The temperature effect was considered by incorporating the Arrhenius correction:
where E a is the activation energy in J mol -1 , R is 8.314 J mol -1 K -1 . T 1 and T 2 are temperatures before and after temperature correction. Whenever not directly available, E a values were fitted from published experimental data. The E a values for Giardia, C. parvum, and L. pneumophila used in this study are 45259, 75570, and 38293 J mol -1 , respectively. The activation energy for L.
pneumophila was estimated based on monochloramine inactivation data of eight species of bacteria. 11 The chlorine contactor was designed following a length to width ratio of 40 to 1, to minimize axial diffusion. 5, 6 The depth of the contactor was empirically chosen based on the EPA design manual as 2 meters, with an effective depth of 1.8 meters. The horizontal velocity of wastewater inside the contact tank ranged from 2 -4 m min -1 . 6 Since the influent flow rate was known, given the horizontal velocity the cross sectional area of the tank and thus width of the tank were calculated. Length was calculated given the width and the length to width ratio. The final volume of materials was determined by applying the density of the concrete.
The storage, injection, and mixing of the sodium hypochlorite and sodium bisulfite shared similar configuration as the equipment is usually interchangeable. Exceptions were the materials for the storage tanks and the wetted parts of the feed pumps, as sodium hypochlorite is highly corrosive. Information on the storage tanks were obtained from the design handbook. 12 The masses of components and materials of the proportioning feed pumps were obtained from manufacture's specification sheets, which were scaled up or down according to the pump's horsepower. Mixing of both the sodium hypochlorite and sodium bisulfite were done with static inline mixers. Since the dechlorination reactions happen instantaneously, contact chambers for dechlorination was not required. 6 The usage of sodium hypochlorite and sodium bisulfite was calculated based on the reactions: The requirements for the sodium hypochlorite and sodium bisulfite were calculated following the design manual. 5 In brief, the mass rate requirements were calculated using the stoichiometry, the influent flow rate, and the applied chemical dose. The volume of chemicals to be stored onsite was calculated following the EPA recommendation that utilities should have the volume of chemicals that equal the amount of chemicals needed for a time equal to the shipping time from the vendor plus fifteen days. A 4-day shipping time was assumed as the base value for the uncertainty analysis.
Microchannel Plasma Ozonation Disinfection System Design
The design of microplasma ozonation system was based on a combination of both scaled-up results from bench-scale studies, manufacture's data and design criteria from the design manuals and previous publications. The system boundary included the ozone generator and injection device, ozone contact tank, and the ozone destruction device. Identical with the chlorination system, the microplasma disinfection system was designed to handle 4 MGD of secondary effluent, with a HRT of 7 to 11 minutes and a transferred ozone dose of 1 to 2 mg L -1 . The operational temperature range is identical with the chlorination system, from 10 to 21.1 o C.
The decay of ozone caused by various components of the secondary effluent was addressed as follows. First of all, it was assumed that Total Organic Carbon (TOC) is a good representation of the components of wastewater that could exert ozone demand. 3 Since the representative TOC concentration was not readily available for secondary effluent, a correlation between TOC and Chemical Oxygen Demand (COD) was used following a prior publication:
which was developed for the final effluent. 13 The designed COD concentration for the microplasma ozonation unit's receiving stream was 30 to 35 mg L -1 , which is typical for secondary effluent. 6 The decomposition of ozone, which includes its self-decomposition and the reaction with organic matter in wastewater (represented by TOC) was thus modeled for a batch system as:
where CL is the transferred ozone dose in mg/L, and x is the reactive portion of the TOC. It is assumed that C 0 − C L = x 0 − x, and that the initial value for x is x 0 , where x 0 = αTOC 0 . Also, α is the fraction of organic carbon that exerts ozone demand. k2 is the second order reaction rate constant between ozone and TOC, and k is the first order reaction rate constant for ozone selfdecomposition. The values for k2 and k were obtained from the bench-scale experiments conducted in this study. To correct for temperature variations, eqn. S(12) was applied and the activation energy was 5005 and 50350 J mol -1 for k2 and k, respectively. After integration, the solution to eqn. S (14) is: where the activation energy E a was 39201 and 82500 J mol -1 for Giardia and C. parvum, respectively. 8, 14 The only exception for the temperature correction for rate constants is the inactivation rate constant for L. pneumophila, which was demonstrated to be not significantly sensitive to temperature variation in the presence of wastewater organic matter, based on the good fitting to the Chick-Watson equation at different temperatures ( Figure. 1 ).
Ozone generated from the microplasma ozonator was designed to be injected into the wastewater through a venturi injector. To obtain the number of the microplasma chips (n), which are the very components that control the total ozone mass production rate of the microplasma ozonator, as well as the factors that directly determine the material requirement of the ozone generator, eqn. where the applied ozone dose is defined in eqn. S(21):
Applied ozone dose = Q gin C gin Q Lin
S(21)
The ozone contact tank shared a similar configuration with the chlorine contact tank, 12 with the addition of a concrete cover to collect and pass the off-gas to the thermal catalytic ozone destruction unit. The thermal catalytic ozone destruction unit contains MnO2 and CuO as catalysts and operates at 300 to 350 o C to remove approximately 99% ozone.
Calculating DALYs per Symptomatic Case for L. pneumophila
Legionellosis is a common syndrome of pneumonia caused by Legionella, 15 and the bacterium L.
pneumophila is responsible for most cases of Legionellosis. 16 Table S5 . Summary of input materials for the microplasma ozonation system. 
Summary of input materials for microplasma ozonation system
